A dense network of seismic stations has been deployed on the Kaapvaal craton (South Africa) to investigate the upper mantle seismic structures. In order to bring independent petrophysical constraints, we analyze a direct sampling of the cratonic upper mantle and determine the seismic properties of 48 mantle nodules brought up to the Earth's surface by kimberlite eruptions. Seismic properties of these nodules are calculated from the olivine and pyroxene crystal preferred orientations and the single crystal elastic constants. Despite variations in the nodules compositions, microstructures and crystallographic preferred orientations, seismic anisotropy is rather homogeneous throughout the craton. Mean S-wave anisotropy is weak (2.64 %), which is compatible with the small measured SKS wave splitting (mean delay time of 0.62 s).
Introduction
The pervasive structure of the upper mantle beneath the Kaapvaal craton is investigated by seismic tomography [e.g., James et al., 2001] and by measuring the splitting of teleseismic shear waves [Silver et al., 2001] . This splitting is primarily induced by the upper mantle seismic anisotropy and reflects the preferred alignments of crystals and particularly those of olivine [e.g., Mainprice et al., 2000] . Since this technique has a poor vertical resolution, the interpretation is debated [Vinnik et al., 1995; Silver, 1996] and requires other constraints, such as petrophysical analyses.
On the Kaapvaal craton, mantle nodules brought to the surface by kimberlitic eruptions provide a means to investigate the physical properties of the cratonic root. In this paper, we first present our selection of nodules representative of the cratonic lithosphere. We then describe the methods of crystallographic measurements and the calculation of the three-dimensional seismic properties. We finally discuss how our petrophysical data may constrain the seismological observations.
Selection of upper mantle samples
More than 2000 kimberlitic eruptions are documented in South Africa on and off the Kaapvaal craton ( Figure  1 ) and some of them brought mantle xenoliths to the Earth's surface. The majority of these eruptions are Cretaceous in age, except Premier mine which is Precambrian in age. Re/OS analyses [Pearson et al., 1995] made on mantle nodules suggest that the cratonic root might Copyright 2001 by the American Geophysical Union.
Paper number 1999GL000000. 0094-8276/01/1999GL000000$05.00 not have suffered any subsequent thermo tectonic event able to change the geochemical ratios since Archean times.
Using three of the most important sample collections (A. Nicolas's in Montpellier, France, F.R. Boyd's at the Carnegie Institution, USA, and J. Gurney's at Cape Town, South Africa), we selected 11 kimberlite pipes, at widely spread sites ( Figure 1 ) but primarily in the southern part of the craton due to the lack of sampling further north.
To have the largest possible representation of the upper mantle root beneath each pipe, we selected samples according to (i) their modal composition (harzburgite or lherzolite with spinel or garnet), (ii) their microstructure (grain size, grain boundary and internal deformation) and (iii) their depth of equilibrium.
The mantle nodules display two types of microstructure, likely generated by different tectonic histories. A first set is composed of strongly plastically deformed (sheared) nodules, characterized by a high degree of deformation and recrystallization [Boullier and Nicolas, 1975] . Chemical anal- 1 yses of these nodules [Boyd and Gurney, 1986] indicate pressures of equilibrium of 5.5 -6.5 GPa, corresponding to depths between 170 and 200 km but temperature between 1200 and 1400 • C, i.e., higher than predicted by the continental geotherm. A tectonic model [Green and Gueguen, 1983] suggests that these samples could have been locally deformed in high temperature asthenospheric diapirs intruding the base of the lithosphere. Since their origins do not appear to be related to a pervasive event, we did not consider these microstructures as representative of the cratonic lithosphere. The second set of microstructure is characterized by large grains with no evidence of intra crystalline deformation [Boullier and Nicolas, 1975] . The coarse grain garnetbearing nodules equilibrated at PT conditions in agreement with the continental geotherm, between 60 and 130 km. The chemical equilibrium and the absence of any microstructural evidence of high temperature, high stress, and fast deformation, suggest that their structures were not affected by the extraction process. We therefore considered the coarse grain nodules as representative of the cratonic root. Careful thin section analyses does not evidence any structural stratification of the Kaapvaal craton as first proposed by Boyd and Nixon [1973] . This is in agreement with the observations made by Ji et al. [1994] in the Canadian shield. We finally retained 48 coarse-grained nodules, typical of the sub continental lithosphere and covering a rather large range of composition and microstructure. Since the previous petrophysical studies of the Kaapvaal mantle nodules was restricted to 5 samples from various pipes [Mainprice and Silver, 1993] and by 6 samples from a single pipe [Long and Christensen, 2000] , the present study expands by a factor 5 the number of samples from this area.
Crystallographic measurements
Crystal preferred orientations were determined by optical microscopy for 37 samples and scanning electron microscopy for 11 samples. In the first case, the optical properties of the orthorhombic minerals (olivine and enstatite) were used to determine the individual crystal orientations by using a 5 axes universal stage. In the second case, we used electron back-scattered diffraction techniques (EBSD) [Adams et al., 1993] . Diffraction patterns are generated by interaction of a vertical incident electron beam with a polished thin section. The diffraction pattern is projected onto a phosphor screen, acquired by a low-light, high-resolution camera, digitally processed and indexed in terms of crystal orientation.
More than half of the measured olivine crystallographic preferred orientations display similar CPO to sample FRB1309 (Figure 2) , that can result from high temperature plastic deformation. These fabrics are characterized by concentration of the olivine [100] axes close to the lineation and [010] axes orientated at high angle to the foliation plane.
A second, unusual, type of texture, like the one found in sample PHN4254 ( Figure 2) is observed in less than a third of the selection. It is characterized by [001] olivine axes close to the Y structural axis (normal to the lineation in the foliation) and by [100] and [010] axes forming girdles in the (XZ) structural plane (X=lineation, Z=pole to the foliation). Careful rotation and comparison with the enstatite CPO shows that these textures are not related to error in the finite strain ellipsoid determination. These textures may be either derived from recrystallization processes or could rep-resent relics of much deeper material. Although the origin of these fabrics remains unclear, the fact that they equilibrated in the cratonic lithosphere led us to retain them for characterization of the Kaapvaal craton anisotropy.
Calculation of rock seismic properties
Using the olivine and enstatite CPO and the single crystal elastic constants, we calculated the rock seismic properties [Mainprice and Humbert, 1994] . Comparisons between calculated and measured velocities [e.g., Crosson and Lin, 1971; Barruol and Kern, 1996] show that although the Voigt average gives an upper bound in the elastic stiffness coefficients, the calculated velocities give a rather good agreement with the direct measurements. We therefore used this average in our calculations. We extrapolated the single crystal elastic constants to the depths of equilibrium for each nodule using the temperature and pressure derivatives [Mainprice et al., 2000] . We report figure 2 for the two different olivine fabrics presented above, the three dimensional seismic velocities calculated for these pure olivine aggregates : the P-wave velocity pattern, the S-wave anisotropy and the polarization of the fast split shear waves. For both types of fabrics, the preferred orientation of the [100] olivine crys- tallographic axes induces a maximum P-wave velocity close to the rock lineation. For the S-waves, the plastic deformation texture is characterized by a maximum birefringence parallel to Y, whereas the "abnormal" fabric has the maximum birefringence parallel to Z. In both cases however, the fast split shear wave is generally polarized parallel to the lineation. Adding about 20 % of orthopyroxene in the calculation decreases both the P and S anisotropies compared to a pure olivine aggregate. P anisotropy is lowered from 10.6 to 8.4 % and from 8.4 to 5.8 % respectively for samples FRB1309 (at 100 km depth) and PHN4254 (at 75 km depth) and the maximum S anisotropy is lowered in the same time respectively from 7.7 to 5.8 % and to 8.4 to 6.1 %. These anisotropy magnitudes are similar to calculations and direct ultrasonic measurements made on Bultfontein nodules [Long and Christensen, 2000] . Despite variations in microstructures, composition, and depth of origin, the calculated seismic properties taking into account olivine and enstatite CPO and calculated at their depth of origin, are rather homogeneous. Calculated anisotropies are in the range 2-8 % for P-waves and 1-6 % for S-waves which is smaller than anisotropy calculated on peridotite sampled in ophiolites [Ben Ismail and Mainprice, 1998 ].
Averaging the seismic properties by giving the same weight to each sample for each site (Table 1) is a way to integrate the small-scale variations in a similar way to seismic waves. These averages show S-anisotropies ranging between 2.0 to 4.6 % depending on the locality. These values are smaller than individual rock anisotropies due to destructive interferences between anisotropy patterns. On the craton itself, three pipes display anisotropy larger than 4.0 % (Finsch, Premier and the Lesotho group). Interestingly, Lauwrencia, which is off craton, is also characterized by rather high S-anisotropy (4.5 %). On the other hand, three pipes located in the central part of the transect presented in figure 1 (Monastery, Jagersfontein and Kimberley) are weakly anisotropic (respectively 2.3, 2.0 and 2.5 %).
Interestingly, the mean seismic properties of the 48 samples ( Figure 3) are not isotropic and display coherent threedimensional patterns with respect to the foliation and lineation. This mean sample shows a small P-anisotropy of 3.0 %. The birefringence pattern is characterized by a weak S-anisotropy parallel to the lineation (0.9 %), and by higher anisotropies for directions normal to the foliation (2.6 %) and normal to the lineation (1.7 %). Figure 1 ) is also Indicated.
Site
Density mantle nodules. The corresponding elastic stiffness coefficients are (in GPa): C11= 222.7000; C12= 78.5500; C13= 79.9800; C14= 0.0009; C15= -0.0010; C16= -0.0003; C22= 236.3900; C23= 79.7900; C24= -0.0068; C25= -0.0005; C26= 0.0031; C33= 227.1800; C34= -0.0058; C35= 0.0009; C36= 0.0015; C44= 73.6100; C45= 0.0018; C46= -0.0008; C55= 71.1500; C56= -0.0022; C66= 74.9400
Discussion and conclusion
The seismic anisotropy observations made in southern Africa are interpreted either in terms of frozen deformation in the cratonic lithosphere [Silver et al., 2001] , or in terms of subcratonic mantle flow [Vinnik et al., 1995] . The vertically propagating SKS waves on and off the Kaapvaal craton show rather small delay times but regionally coherent polarizations [Silver et al., 2001] . As the original orientations of the nodules are lost during their volcanic transport to the surface, we are only able to give quantitative constraints on the amount of intrinsic anisotropy within the lithospheric mantle but not to constrain the trend of the fast split shear waves. If the structures within the cratonic roots are randomly orientated, the observed teleseismic shear wave splitting has to be related to subcratonic anisotropy. Alternatively, if the structures within the cratonic root are not randomly orientated at the regional scale, the observed SKS delay times (0.62 s on average) [Silver et al., 2001] can be explained by the seismic properties of our average nodule for a 110 km thick anisotropic structure with a horizontal foliation. If the foliations are vertical within the cratonic root, a 170 km thick anisotropic layer may explain the observed SKS delay times in case of a sub-horizontal lineation (case of transpressive deformation) but a 400 km thick layer is needed in case of a vertical lineation. In summary, the small SKS splitting observed at the surface are compatible with the weak anisotropies found in the mantle nodules and could be related to frozen deformation within the root of the craton. The absence of detectable SKS splitting in the south-eastern part of the craton [Silver et al., 2001] may be related to short-scale (i.e., hecto to kilometric) variations in the structure orientation which could render the medium isotropic to vertically-propagating SKS waves or to weaker intrinsic upper mantle anisotropy in this area, which may be coherent with the very small S-wave anisotropy we observed in rocks from Jagersfontein, Kimberley and Monastery.
